Although there is increasing evidence that immune dysregulation in children who develop acute lymphoblastic leukemia (ALL) is detectable from birth, debate about the role of infectious exposures in infancy continues. With the aim of quantifying children's infectious exposures, investigators have used a number of infection exposure proxies, but there is a lack of consistency in findings, with some markers indicating increased ALL risks and others decreased risks, the disparity being evident both within and between studies. Accordingly, the authors conducted an in-depth analysis of key infection exposure proxies used in the United Kingdom Childhood Cancer Study, a national population-based case-control study conducted over the period 1991-1996, which combined data from medical records, parental interview, and population census. This longitudinal approach revealed the marked deterioration in immune response that emerged around 5 months prior to ALL diagnosis and confirmed that infectious diagnoses in the first year of life were significantly increased (P < 0.05) in children who developed leukemia between 2 and 14 years of age, as well as in those who had birth orders >1, were not breastfed, lived in deprived areas, or were diagnosed with eczema. By contrast, no association between infectious illness and preschool activity was detected, the lower infection levels among controls whose mothers reported attendance contributing to a significantly reduced ALL odds ratio. infectious exposure; pediatric acute lymphoblastic leukemia
The apparent disconnect between findings from epidemiologic studies that have examined the potential etiologic role of infectious exposure in pediatric acute lymphoblastic leukemia (ALL) ensures that debate on this topic continues (1) (2) (3) (4) (5) (6) (7) (8) . The rarity of this cancer means that the majority of studies investigating the topic have adopted a case-control design, and hence the methodological challenges involved in measuring past infectious exposure have been at the root of much of the discussion (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Indeed, with the aim of quantifying infection exposure history, investigators have used a wide range of proxies including family measures of socioeconomic status and residential location (14) (15) (16) , parental indicators of social contact outside the home (17) (18) (19) , markers of the child's social activity such as birth order (1, 5, 6, 8, 12, 13, 20) , preschool group attendance (1, 10, 21) , and breastfeeding (12, (22) (23) (24) (25) , as well as infectious illness histories of both children and their mothers (11, 23, 26) .
In this context, the popular "delayed infection" hypothesis, which argues that exposure to infectious agents in the first few months of life protects against subsequent ALL development in children (27) , has received most consistent support from the analyses of maternal interview reports indicating that attendance at preschool groups is protective (1) . However, data derived from medical records have shown that children who develop ALL in the peak 2-5-year age range have, on average, more infectious illnesses episodes in the first year of life than children who do not (7, 13, 26) . These observations, suggesting that immune dysregulation may be detectable several years before ALL is diagnosed, are in accord with recent research demonstrating reduced interleukin-10 levels in neonates who subsequently develop leukemia (2) .
Importantly, dissonance between findings on immune response and infectious proxies exists not only between studies but also within them. The Californian study that examined bloodspot interleukin-10 levels and the United Kingdom-wide study that examined medical records also looked at preschool groups, and in both studies mothers of cases reported fewer preschool attendances than did mothers of controls. With a view to informing the debate, the current report presents a novel in-depth examination of data from the United Kingdom Childhood Cancer Study (UKCCS) (www.UKCCS.org), which collected information on markers of infectious exposure from parental interviews, medical records, and the population census.
The present report includes new information on the relation between clinically diagnosed infectious illness episodes and various commonly used proxies of infectious exposure. To our knowledge, this has not been done previously. In addition, data on infectious illness patterns in children who develop ALL are examined from the time of birth to that of ALL diagnosis (not just the first year of life) and compared with those of children who did not develop ALL.
MATERIALS AND METHODS
The UKCCS is a national population-based case-control study, with full details of its conduct and ethical approvals described elsewhere (14, 26, 28) . Briefly, children under 15 years of age diagnosed with cancer in England, Scotland, and Wales between 1991 and 1996 were eligible. For each case, 2 controls were randomly chosen from primary-care population registers and individually matched to their corresponding case by month and year of birth, as well as region of residence.
With a view to assessing the likelihood of infectious contact during the first year of life, mothers of cases and controls were asked a series of structured questions about their child's position within the family, their interaction with other infants both within and outside the home (21) , and whether or not they had been breastfed (22) . Consent to access the child's primary care (general practice) records was also requested at interview, and all information contained within these routinely compiled health records from birth until diagnosis ( pseudodiagnosis date for control children) was subsequently abstracted onto specially designed forms by centrally trained research staff. The data collected included all diagnoses recorded contemporaneously by the child's general practitioner ( primary care physician), as well as all signs and symptoms recorded at the same time; referrals to hospital consultants and other specialists; results of all investigations; and details of all medicines and other treatments prescribed. Data collection and entry were structured around dated "events" (e.g., general practice consultation, hospital admission, blood tests, screening procedures), with all data entered centrally under the supervision of experienced primary care research nurses. Disease and drug coding are key issues in handling and analysis of such data.
Adopting a unified approach facilitates coding, and this has been achieved by using a sophisticated system of computerized "pick-lists" embedded in the data-entry program. All illnesses, symptoms, and diagnoses were centrally coded according to the International Classification of Diseases, Tenth Revision (ICD-10). Strict quality control procedures, including duplicate data entry of around 1 in 4 randomly selected records, were carried out throughout. Area-based "deprivation" indices were obtained by linking the mother's address as recorded on the birth certificate to United Kingdom census data (14) .
The analyses presented here were designed to investigate the relation between infectious illness (ICD-10 codes A00-B99, H10, H66, J00-J11, J18-J22, L00-L03, L08, and P35-P39) in the first year of life and the subsequent diagnosis of ALL, while adjusting for factors considered either to be proxies for infectious exposure (birth order, breastfeeding, and preschool activity) or to be associated with infectious illness (eczema). Information on the 5 infectious disease factors selected for analysis, all of which have been previously reported (5, 13, 14, 21, 22, 26, 29, 30) , came from 3 sources: maternal interview (breastfeeding and preschool activity outside the home); health records (birth order and eczema; ICD-10 code L20.8); and census (areabased deprivation at birth). The variables were dichotomized and defined as follows: breastfed yes (>1 month), otherwise no; preschool activity yes (any preschool group attended on a weekly basis before the age of 1 year (13)), otherwise no; birth order 1 or >2; eczema yes (clinical diagnosis of eczema before the age of 2 years), otherwise no; deprivation high (highest deprivation quintile), otherwise low/intermediate.
Two analytical approaches were adopted. For a (matched) case-control study, it is usual to use (conditional) logistic regression to adjust for confounding covariates in order to arrive at a measure (an odds ratio) that has the property that its value can be generalized from the sample to the population from which the study subjects were drawn. Indeed, it is a special property of the odds ratio that the value we obtain in a sample can be inferred of the population from which the sample is drawn, whether we have used a cohort or a case-control study design. This allows us to infer (for an arbitrary subject in the population) the odds of being a case given the level of exposure that the subject experiences, without any further information about the prevalence of cases (or of exposure) in the population. Following this approach, diagnosis with ALL was considered as the outcome and the number of infections diagnosed in the first year of life the explanatory variable.
However, there are other ways of looking at case-control data. One way of framing the null hypothesis for a casecontrol study is to say that there is no difference with respect to "exposures" between cases and controls. Any statistical procedure that assesses the difference between exposures in cases and controls will be a test of this general null hypothesis. Therefore, for example, we can take an exposure as an outcome and case-control status as an explanatory variable in something as simple as a t test or as complex as a regression (where variables that are thought to possibly confound the relation are adjusted for) to test the null hypothesis. It would be possible to generalize the statistical measures used to test the null hypothesis from the sample to the population, but to do so would require extra information about prevalence in the population.
The second analytical approach we take follows this reasoning. Monthly infection counts per individual in the first year of life are taken as a longitudinal outcome, with ALL diagnosis as the main explanatory variable. The scientific question of interest corresponding to this approach is whether children diagnosed with ALL have a different history of infectious diagnoses over the course of the first year of life compared with control children.
Of course, the terminology of "exposure" commonly used in the conditional analysis of case-control studies may be misleading with this second type of analysis. Both types of analysis are detecting associations between one type of observation (ALL status) and another (history of infectious diagnosis). The advantage of the second type of analysis over the first is that it allows us to expose the course of the processes involved over time, allowing us to detect whether differences between cases and controls vary with time or are consistent over time.
The longitudinal modeling consists of a negative binomial regression model including time as an explanatory variable (among the other explanatory variables), with robust standard errors used to correct for possible correlation effects. For infections diagnosed in the first year of life, it was found that the effect of time could be adequately modeled with a linear function and that there was no evidence of an interaction between time and case-control status (i.e., the effect of time could be taken as being the same in both groups). The formal statistical comparison between these groups is therefore given by the coefficient estimate for the case-control status (and associated confidence intervals). This information is given in the final columns of Table 2 . Figures 1-3 are provided to aid visualization of the structure of the data rather than the structure of the analysis.
The data analyzed came from the 6 (of 10) UKCCS administrative areas that systematically abstracted general practice records. Within these regions, 93% of ALL cases had data from general practice records, and all cases had comparable data abstracted from at least 1 of their matched controls. Some regions routinely abstracted data on both controls and some on only 1, yielding a total of 756 ALL cases and 1,171 controls. For the purposes of the present analysis, cases diagnosed with Down's syndrome together with their corresponding controls were excluded (18 cases, 29 controls), as were those with missing data (18 cases, 30 controls). For the regression analyses, cases diagnosed with ALL before the age of 2 years were excluded (cases = 78, controls = 121), in order to avoid bias caused by excess infections in the period leading up to diagnosis with ALL. These deletions resulted in a final data set of 642 cases and 991 controls. All analyses were performed in "R," version 2.13.1 (31) , using the Design library (32), the MASS library (33) , and the sandwich library (34, 35) .
RESULTS
Overall, the average number of clinically diagnosed infectious disease episodes in the first year of life (Table 1) was higher in cases diagnosed with ALL over the age of 2 years (3.65, 95% confidence interval (CI): 3.38, 3.93) than 404 Crouch et al.
in their corresponding age-and sex-matched controls (3.28, 95% CI: 3.09, 3.47): bootstrapped t test for difference between means, P = 0.026; and odds ratio = 1.04 (95% CI: 1.00, 1.07), P < 0.05. Within both cases and controls, the mean number of infections in the first year of life broadly varies with the infection proxy variables in the expected direction (Table 1) , with the groups categorized as being more likely to be exposed to infection having a greater number of clinically diagnosed infectious illness episodes than the groups categorized as being less likely. For example, the mean numbers of infectious episodes diagnosed in cases and controls were 3.13 (95% CI: 2.75, 3.50) and 3.18 (95% CI: 2.90, 3.46), respectively, for first births and 4.06 (95% CI: 3.67, 4.44) and 3.36 (95% CI: 3.09, 3.63), respectively, for second and higher order births. The possible exception relates to maternally reported social activity outside the home, where the mean number of 3.26 (95% CI: 2.99, 3.52) infectious episodes among controls was marginally lower among those reporting that their child attended such activities than the mean number of 3.31 (95% CI: 3.02, 3.59) was among those reporting that they did not. This incongruity was not replicated among cases where, as expected, infection rates of 3.90 (95% CI: 3.49, 4.32) versus 3.46 (95% CI: 3.09, 3.82) were marginally higher among attenders than nonattenders. This casecontrol discrepancy resulted in a significantly reduced odds ratio of 0.68 (95% CI: 0.55, 0.85) for preschool activity outside the home, which contrasts with the findings seen for the other infection proxies.
The infection frequency difference manifests at birth and persists throughout the first year of year of life, as can be seen more clearly in Figure 1 where the monthly infection rates over the 12-month period are plotted separately for cases diagnosed over the age of 2 years and their corresponding matched controls (a smoothing spline fit is added to aid visualization). In Table 2 , the odds ratios and the infection count rate ratios (both adjusted for all other explanatory variables) are presented for each potential infection exposure proxy, which includes the number of infections in the case-control analysis and case-control status in the longitudinal approach. With respect to the more traditional case-control analysis, the adjusted odds ratios are similar to the unadjusted ones presented in Table 1 . Likewise, the more novel longitudinal analysis confirms not only that infection in the first year of life is associated with an increased risk of ALL after the age of 2 years (odds ratio = 1.09, 95% CI: 1.02, 1.17) but also demonstrates how the infection rates vary with each of the proxy variables, the strongest association being seen for clinically diagnosed eczema (odds ratio = 1.32, 95% CI: 1.23, 1.41) and the weakest for social activity outside the home as reported at interview (odds ratio = 1.06, 95% CI: 0.99, 1.14).
Monthly infection counts spanning back from diagnosis through to a maximum of 10 years before diagnosis/ pseudodiagnosis are presented for cases and their matched controls in Figure 2 . As in Figure 1 , smoothing splines have been added to aid visualization. The frequency of infectious disease episodes increased dramatically in the months preceding ALL diagnosis, the case rate beginning to move away from the control rate around 5 months prior to ALL diagnosis. Figure 3 , which excludes data from the 5 months prior to diagnosis/pseudodiagnosis, shows the infection counts plotted against age for cases diagnosed over the age of 2 years and their corresponding controls. The number of cases and controls varies with age, and Figure 4 shows the age profile in our data set. The higher infection rates in cases compared with controls seen in the first year of life (Figures 1 and 3) extend through into the second year, albeit at a lower level.
DISCUSSION
In our data, the association between the rate of infectious illness diagnoses in the first year of life and the probability of developing ALL after the age of 2 years was evident both before and after adjustment was made for known or suspected proxies of infectious exposure. Similarly, children who developed ALL after the age of 2 years were consistently diagnosed with more infectious illnesses in the first year of life than children who did not develop ALL, the excess occurring from birth onward and persisting until at least 18 months of age. As expected, although rarely empirically demonstrated, our longitudinal analysis also revealed the marked increase in infectious illness diagnoses that began to emerge around 5 months before the diagnosis of ALL itself.
The observation that children diagnosed with eczema tend to have more infectious illness episodes than those who do not has been documented elsewhere (30, 36, 37) , and within our data the relation between these 2 variables was stronger than for any of the other associations Figure 3 . The rate of diagnosis of infectious disorders by age of cases and controls over the first 10 years of life, United Kingdom Childhood Cancer Study, 1991-1996. A prodrome of 5 months is removed from both cases and controls to avoid bias due to an excess of infections among cases in the period leading up to diagnosis. Case rates are shown as red circles, and control rates are shown as green circles. A separate smoothing spline is added for both cases and controls to aid visualization.
Acute Lymphoblastic Leukemia and Infections 405 examined. Furthermore, in contrast to many other studies, information on both these illnesses (eczema and infection) was obtained directly from medical records made at the time of their respective diagnoses; hence, the association reported here is not due to recall bias. Notably, our analyses have also confirmed that several commonly used infectious exposure proxies are, in fact, related to levels of clinically diagnosed infectious disease, the rates being significantly raised in children with birth orders above 1, those living in more deprived areas, and those whose mothers reported that they had either not breastfed or breastfed for less than a month. By contrast, however, information on maternally reported preschool activity outside the home correlated less well with infectious illness frequency, yielding a statistically nonsignificant rate ratio. Indeed, among control children, clinically diagnosed illness frequencies were actually lower among those who were reported to have attended preschool groups than they were among those reported to have been nonattenders, with this reduction resulting in an ALL odds ratio below 1.0. Previous UKCCS publications on ALL have reported significantly reduced odds ratios for breastfeeding (22) , preschool group attendance (21) , and eczema (38) ; increased odds ratios for infectious illness diagnoses in the first year of life (26) ; and no associations with birth order (29) or areabased measures of deprivation (14) . The analyses presented here are based on UKCCS children with the greatest depth of data, that is, those whose medical records were systematically abstracted (26) . This part of the UKCCS was specifically designed to ensure that the children selected were representative of the population as a whole and, hence, as would be expected, the findings presented here are broadly comparable with our earlier work, albeit based on smaller numbers, categorizing those who were not breastfed as exposed, reversing the previously published odds ratio (22) .
So what do these findings tell us about the relation between pediatric ALL and exposure to infection in the first months of life? First, and of relevance to other studies and interpretation of their findings, we have confirmed that the infectious exposure proxies selected varied in the anticipated direction with infectious diagnoses for birth order and eczema (derived from health records), area-based deprivation (derived from the census), and breastfeeding (derived from maternal interviews). The associations with infectious illness were evident in both cases and controls. By contrast, however, among controls, preschool activity (derived from maternal interview) varied in the opposite direction to that predicted. Second, we have shown that the associations seen for risk of infection do not necessarily link up with those seen for the risk of ALL. Indeed, following adjustment, the only statistically significant associations with ALL diagnosed over 2 years of age were seen for infection in the first year of life (increased risk) and preschool activity in the first year of life (decreased risk), with the former being based on medical records compiled prior to diagnosis/pseudodiagnosis and the latter on mothers' reports at interview. Assuming that the maternal reports of preschool activity were accurate, one possible explanation is that children with several illness episodes in infancy may be less likely to be enrolled in preschool activities, hence, producing a spurious association with attendance during the same period. Unfortunately, while we have reliable data on illness dates from medical records, we do not have information from interviews on exact timing of activities or the reasons for the choices made. Nevertheless, whatever the reason, our results suggest that reports of preschool activity derived from maternal interview are not useful proxies of infectious exposure in studies such as the UKCCS.
In summary, our essentially descriptive approach was designed to evaluate the utility of commonly used infectious exposure proxies and to chart the pattern of infectious illness episodes from birth through to diagnosis/pseudodiagnosis, generating, rather than testing, hypotheses. In so doing, we have demonstrated that children diagnosed with ALL tend to have more infectious illness episodes from birth onward and that their response to infectious challenge begins to deteriorate around 5 months before ALL diagnosis. These findings are consistent with the accumulating body of knowledge suggesting that childhood ALL is initiated in utero and that immune dysregulation in children who develop ALL is detectable from birth onward.
